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to lower dietary crude protein (CP) content. Broilers fed reduced CP diets have decreased nitrogen excretion [1] [2] [3] [4] [5] , ammonia emissions [6] , and the incidence of pododermatitis [7] compared with those fed higher CP diets. However, prior studies have reported that the reduction of dietary CP content may depress growth performance of broilers even with the supplementation of DL-Met, L-Lys, and L-Thr [3] [4] [5] . Previous research has investigated several possible reasons for poor performance in broilers fed reduced CP diets, such as essential AA deficiencies [1] , insufficient dietary potassium [8] , lack of non-specific nitrogen [9] , and low dietary energy [10] , but variable results were reported.
Supplementing Gly to reduced CP diets formulated using ingredients of vegetable origin has enhanced growth performance of broilers during the first few wk post hatching [3, [11] [12] [13] . However, the addition of Gly may not be necessary when reduced CP diets contain an animal protein meal due to a high Gly concentration in ingredients of animal origin. Dean et al. [3] determined that the combination of Gly, L-Glu, L-Pro, L-Ala, and L-Asp supplementation in a low CP diet (16% CP) formulated primarily with corn and soybean meal restored poor growth performance of broilers when compared with those fed a higher CP diet (22% CP) from 1 to 18 d of age. However, when those non-essential AA were individually supplemented in the 16% CP diet, Gly was the only non-essential AA that could ameliorate growth performance of broilers similar to birds fed the 22% CP diet [3] . These responses indicated that Gly may be conditionally essential in broilers fed reduced CP diets during the starter period.
Research is limited in assessing growth and meat yield responses of broilers fed reduced CP diets varying in total Gly + Ser concentrations beyond the starter period. Additionally, it is uncertain if the positive growth responses of broilers associated with Gly supplementation in reduced CP diets were due to a Gly requirement per se or a nitrogen contribution. Therefore, an experiment was conducted to determine the effects of feeding reduced CP diets supplemented with Gly and/or L-Gln (nitrogen source) on growth performance and carcass characteristics of broilers during a 41-day production period.
MATERIALS AND METHODS
The experimental protocol regarding the use of live birds has been approved by the Institutional Animal Care and Use Committee at Auburn University (PRN 2014-2551).
Bird Husbandry
One-thousand-six-hundred Ross × Ross 708 [14] male chicks were obtained from a commercial hatchery and vaccinated for Marek's disease, Newcastle disease, and infectious bronchitis. At one d of age, chicks were placed into 64 floor pens (25 birds/pen; 0.09 m 2 /bird) in a solid-sided house with a negative-pressure ventilation system. The facility was equipped with vent boards, exhaust fans, forced-air heaters, cooling pads, and electronic controller to adjust temperature and ventilation. Each pen was equipped with a nipple drinker line, a tube feeder, and used litter. Feed and water were provided ad libitum throughout the experimental period. Temperature set points were employed to ensure bird comfort [15] , and the lighting schedule used was consistent with primary breeder guidelines [16] .
Dietary Treatments
Broilers were randomly fed one of 8 dietary treatments during the starter (from 1 to 14 d, Table 1 ), grower (from 15 to 28 d, Table 2 ), and finisher (from 29 to 41 d, Table 3 ) periods. Dietary treatments were formulated with corn and soybean meal as the primary ingredients. Diet 8 served as the positive control (PC) diet and was formulated to contain adequate essential AA concentrations. Diet 1, the negative control (NC) diet, was formulated to contain approximately 2.4 and 0.29% points less CP and total Gly + Ser concentrations, respectively, than the PC diets while maintaining adequate essential AA concentrations. The 6 other dietary treatments were formulated to contain intermediate concentrations of total Gly + Ser and CP. This was accomplished by adding Gly and L-Gln to the NC diets. Glycine was supplemented to increase total Gly + Ser concentration, while LGln was added as a source of nitrogen to increase CP concentration. Glutamine was used due to its high nitrogen percentage compared with other 6 Quantum R Blue 5 G (AB Vista Feed Ingredients, Marlborough, UK) provides per kg of diet: 500 FTU/kg of phytase activity. One FTU of phytase represents the amount of enzyme required to liberate 1 μmol of inorganic phosphorus per min from 5 mM sodium phytate at pH 5.5 and 37
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non-essential AA. The nitrogen percentage of Gln is 19.2%, whereas nitrogen percentage of other non-essential AA, such as Ala, Asp, and Glu, are 15.7, 10.5, and 9.5%, respectively [18] . Diets 2 and 3 were formulated by adding Gly to the NC diets to increase total Gly + Ser concentrations by 33 and 66%, respectively, of the difference between the PC and NC diets. Diets 4 and 5 were formulated by supplementing L-Gln to the NC diets to increase CP concentrations by 33 and 66%, respectively, of the difference between the PC and NC diets. Diets 6 and 7 were formulated by adding Gly and L-Gln to the NC diets, which resulted in 33 and 66% increase in total Gly + Ser and CP concentrations, respectively, of the difference between the PC and NC diets.
Experimental diets were formulated to contain 1.25, 1.10, and 1.00% digestible Lys, respectively, in the starter, grower, and finisher phases with minimum ratios of digestible TSAA, Thr, Val, Ile, Arg, Trp, His, Phe, and Leu at 0.75, 0.69, 0.76, 0.67, 1.04, 0.18, 0.38, 0.74, and 1.28, respectively. Digestible AA values were calculated by multiplying digestibility AA coefficients of corn and soybean meal with the total AA concentrations in these 2 ingredients [19] . In the starter phase, diets were offered in crumble form, whereas subsequent feeds were provided in a whole pellet form. Representative diet samples were analyzed for CP and total AA concentrations according to AOAC methods 968.06 and 994.12, respectively [20] .
Measurements
Broilers and feed were weighed at the beginning and the end of each experimental period (one, 14, 28, and 40 d of age) to determine body weight (BW) gain, feed intake (FI), and feed conversion ratio (FCR) as a pen basis, and the incidence of mortality was recorded daily. At 41 d of age, 12 birds per pen (±10% of the average BW for each pen) were selected for processing. Feed was removed from each pen 10 h prior to processing. On the d of processing, the selected birds were placed in coops and transported to the Auburn University Pilot Processing Plant. Broilers were hung on shackles, electrically stunned, slaughtered, scalded, picked, and manually eviscerated. Following a 3-hour chilling in an ice bath, carcass (without abdominal fat) and abdominal fat weights were recorded. The whole carcass was cut into front and back half portions that were packed in ice for 18 hours. Pectoralis major (boneless breast) and minor (tenders) muscles were deboned from the front half portion of the carcass and were weighed to determine total breast meat yield. Carcass and total breast meat yields, as well as abdominal fat percentage, were calculated relative to the 40 d live BW.
Statistical Analyses
This experiment was a randomized complete block design with pen location as the blocking factor. Each treatment was represented by 8 replicate pens with pen being the experimental unit. Data were analyzed by ANOVA using the MIXED procedure of SAS [21] with the following mixed-effects model:
Where μ.. is the overall mean; the ρ i are identically and independently normally distributed random block effects with mean 0 and variance σ 2 ρ ; the τ j are fixed factor level effects corresponding to the j th dietary treatment (diets 1 to 8) such that τ j = 0; and the ε i j are identically and independently normally distributed random errors with mean 0 and a variance σ 2 . Pre-planned orthogonal contrasts were used to determine if the effects of dietary treatments on growth performance and carcass characteristics of broilers were due to Gly or nitrogen contribution. Statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION
Calculated and analyzed values of dietary CP, total Gly, and total Gly + Ser in the starter, grower, and finisher diets are presented in Table 4. Nitrogen analysis of the starter diets indicated that CP content was approximately 1.5% points higher than the calculated values. However, CP content in the grower and finisher diets did not vary substantially between the calculated and analyzed values. Analyzed total Gly + Ser 3 Crude protein contents in diets 4 and 6 were formulated to contain 33%, while crude protein content in diets 5 and 7 were formulated to contain 66% of the difference between the NC (diet 1) and PC (diet 8) diets. 4 The negative control (NC) diets were formulated to contain approximately 2.4 and 0.29% points lower crude protein and total Gly + Ser concentrations, respectively, than the positive control (PC) diets.
concentrations were slightly higher than the calculated values in the starter, grower, and finisher diets, but variation in total Gly + Ser concentration among dietary treatments was within acceptable range. During the starter, grower, and finisher periods, NC diets were formulated to contain approximately 2.4 and 0.29% points lower CP and total Gly + Ser concentrations, respectively, compared with PC diets (Tables 1, 2, and 3 ). Diets 2 and 3 were formulated by adding Gly to the NC diets to increase total Gly + Ser concentrations by 33 and 66%, respectively, of the difference between the PC and NC diets. Diets 4 and 5 were formulated by supplementing L-Gln to the NC diets to increase CP concentrations by 33 and 66%, respectively, of the difference between the PC and NC diets. Diets 6 and 7 were formulated by adding Gly and L-Gln to the NC diets, which resulted in 33 and 66% increase in total Gly + Ser and CP concentrations, respectively, of the difference between the PC and NC diets.
Growth Performance
Starter Period. From 1 to 14 d of age, feeding broilers diet 6 (2.03% total Gly + Ser and 22.6% CP) resulted in a higher (P = 0.043) FCR of broilers compared with those fed the PC diet (2.24% total Gly + Ser and 24.5% CP, Table 5 ). However, broilers provided diet 7 (2.14% total Gly + Ser and 23.5% CP) had a similar (P = 0.72) FCR to broilers fed the PC diet (2.24% total Gly + Ser and 24.5% CP). Broilers receiving diet 6 (2.03% total Gly + Ser and 22.6% CP) had a lower (P = 0.039) FCR than birds fed diet 2 (2.03% total Gly + Ser and 21.8% CP), but when compared with birds fed diet 4 (1.92% total Gly + Ser and 22.6% CP), no difference (P = 0.16) 3 Mortality values were arcsine transformed. 4 Experimental diets 2 to 7 were formulated with Gly and/or L-Gln supplementation to contain 33 or 66% total Gly + Ser and/or crude protein concentrations, respectively, of the difference between the NC (diet 1) and PC (diet 8) diets. 5 The negative control (NC) diets were formulated to contain approximately 2.4 and 0.29% points lower crude protein and total Gly + Ser concentrations, respectively, than the positive control (PC) diets. 6 Pooled standard error.
in FCR was observed. Feed conversion ratio of broilers consuming diet 5 (1.92% total Gly + Ser and 23.5% CP) was 3.3 points higher (P = 0.003) than the FCR of birds fed diet 7 (2.14% total Gly + Ser and 23.5% CP), indicating that the positive effect on FCR was due to a Gly contribution. Broilers fed the PC diet (2.24% total Gly + Ser and 24.5% CP) had lower FCR (P < 0.0001) and FI (P = 0.002) than the NCfed birds (1.92% total Gly + Ser and 21.7% CP). Additionally, dietary treatments did not affect (P > 0.05) BW gain and the incidence of mortality of broilers from 1 to 14 d of age. The positive effect of Gly on the FCR of broilers may be attributed to the role of Gly in enterocyte development [22, 23] and mucin secretion [24] , which contribute to an increase in nutrient utilization. Previous research reported that increasing dietary Gly supplementation from 0 to 2% in milk-fed piglets increased villus height of the duodenum, jejunum, and ileum approximately by 11% [22] . Furthermore, mucin secretion of broilers increased linearly from 590 to 615 g/kg excreta when increasing dietary total Gly + Ser concentration from 1.47 to 1.77% in broilers from 21 to 35 d of age [24] . It was recommended that a 2.10% of total Gly + Ser concentration should be maintained to obtain optimum FCR of broilers from 1 to 18 d of age [12] . In the present study, total Gly + Ser concentration was maintained at 2.14% from 1 to 14 d of age.
Although Gly and Ser has long been assessed as total Gly + Ser, recent studies suggested that Gly and Ser should be expressed on an equimolar basis as total Gly equivalent (Gly (%) + Ser (%) × 0.7143) because the conversion of Gly from Ser occurs with a ratio of 0.7143 [3, 25, 26 ]. In the current research, a total 2.14% Gly + Ser concentration corresponds to 1.84% Gly equivalent, which is higher compared with the recommended value of 1.58% for 95% of maximum gain to feed ratio of broilers from 1 to 21 d of age [25] . The difference may be influenced by Gly precursors or metabolic processes that require Gly, such as digestible Thr, TSAA, and choline concentrations [25] [26] [27] . In the present research, digestible Thr, TSAA, 3 Mortality values were arcsine transformed. 4 Experimental diets 2 to 7 were formulated with Gly and/or L-Gln supplementation to contain 33 or 66% total Gly + Ser and/or crude protein concentrations, respectively, of the difference between the NC (diet 1) and PC (diet 8) diets. 5 The negative control (NC) diets were formulated to contain approximately 2.4 and 0.29% points lower crude protein and total
Gly + Ser concentrations, respectively, than the positive control (PC) diets. 6 Pooled standard error.
and added choline were maintained at adequate concentrations of 0.86%, 0.94%, and 500 ppm, respectively. Thus, sub-optimum concentrations of these nutrients do not contribute to a total Gly + Ser response. Grower Period. From 15 to 28 d of age, broilers fed diet 6 (1.78% total Gly + Ser and 20.1% CP) had a 40 g lower (P = 0.035) BW gain, but a similar (P = 0.36) FCR compared with birds fed the PC diet (1.97% total Gly + Ser and 21.6% CP, Table 6 ). Body weight gain (P = 0.051) and FCR (P = 0.42) were similar between broilers consuming diet 7 (1.87% total Gly + Ser and 20.9% CP) and the PC diet (1.97% total Gly + Ser and 21.6% CP). Broilers provided diet 4 (1.69% total Gly + Ser and 20.1% CP) had a lower (P = 0.011) BW gain and a higher (P = 0.008) FCR compared with those receiving diet 6 (1.78% total Gly + Ser and 20.1% CP), while feeding diet 2 (1.78% total Gly + Ser and 19.4% CP) resulted in similar BW gain (P = 0.11) and FCR (P = 0.22) of broilers compared with diet 6 (1.78% total Gly + Ser and 20.1% CP). When increasing total Gly + Ser concentration to 1.87% in diet 3 (19.5% CP), broilers had similar BW gain (P = 0.29) and FCR (P = 0.11) to birds fed diet 7 (1.87% total Gly + Ser and 20.9% CP). However, a 39 g lower (P = 0.040) BW gain was observed when broilers were fed diet 5 (1.69% total Gly + Ser and 20.9% CP) compared with diet 7 (1.87% total Gly + Ser and 20.9% CP). Broilers consuming the PC diet (1.97% total Gly + Ser and 21.6% CP) had a higher (P = 0.001) BW gain than the NC-fed birds (1.69% total Gly + Ser and 19.3% CP), which resulted in a lower (P = 0.003) FCR of broilers fed the PC diet (1.97% total Gly + Ser and 21.6% CP). Feed intake and the incidence of mortality of broilers were not affected (P > 0.05) by the dietary treatments.
These results indicated that maintaining a total Gly + Ser concentration of 1.78% positively affected BW gain and FCR of broilers receiving reduced CP diets during the grower period. In parallel, Ospina-Rojas et al.
[24] reported a linear increase of BW gain and gain to feed ratio of broilers when increasing dietary total Gly + Ser concentration from 1.47 to 1.77%. However, 3 Mortality values were arcsine transformed. 4 Experimental diets 2 to 7 were formulated with Gly and/or L-Gln supplementation to contain 33 or 66% total Gly + Ser and/or crude protein concentrations, respectively, of the difference between the NC (diet 1) and PC (diet 8) diets. 5 The negative control (NC) diets were formulated to contain approximately 2.4 and 0.29% points lower crude protein and total
these researchers suggested that the requirement of total Gly + Ser concentration may be beyond 1.77%, as the linear response of gain to feed ratio did not plateau [24] . Hence, research in estimating the total Gly + Ser requirement beyond the starter period is warranted. From 1 to 28 d of age, broilers provided diets 6 and 7 had similar (P > 0.05) BW gain and FCR compared with PC-fed birds (Table 7) . Body weight gain of broilers fed diets 2 and 4 was 42 and 49 g lower (P < 0.05), respectively, than that of broilers fed diet 6. Feed conversion did not differ (P = 0.10) between broilers fed diets 2 and 6. In contrast, FCR increased (P = 0.018) when broilers were fed diet 4 compared with diet 6, indicating that the response in FCR of broilers fed diet 6 was due to Gly contribution. Providing diet 3 resulted in similar (P > 0.05) BW gain and FCR of broilers compared with those fed diet 7; however, broilers fed diet 5 had a 49 g lower (P = 0.030) BW gain, but a similar (P = 0.12) FCR compared with those fed diet 7. The PC-fed birds had a 4.3% higher (P = 0.002) BW gain and a 4.6% lower (P < 0.0001) FCR than the NC-fed birds. Feed intake and the incidence of mortality were not affected (P > 0.05) by dietary treatments. Glycine positively affected BW gain and FCR of broilers from 1 to 28 d of age. However, the response on BW gain occurred primarily during the grower period, whereas the effect on FCR may be due to the positive outcomes during the starter and grower periods.
Finisher Period. From 29 to 40 d of age, broilers fed diet 6 (1.62% total Gly + Ser and 18.4% CP) had a 2.5% lower (P = 0.018) FCR, but a similar (P = 0.36) BW gain compared with birds consuming the PC diet (1.79% total Gly + Ser and 19.8% CP, Table 8 ). However, no differences (P > 0.05) were observed in BW gain or FCR of broilers when adding Gly and L-Gln collectively in diet 7 (1.70% total Gly + Ser and 19.1% CP) compared with the PC-fed birds (1.79% total Gly + Ser and 19.8% CP). Maintaining a total Gly + Ser concentration of 1.62% in diet 2 (17.8% CP) or a CP content of 18.4% in diet 4 (1.53% total Gly + Ser) did not alter (P > 0.05) BW gain or FCR of broilers compared with diet 6 (1.62% total Gly + Ser and 3 Mortality values were arcsine transformed. 4 Experimental diets 2 to 7 were formulated with Gly and/or L-Gln supplementation to contain 33 or 66% total Gly + Ser and/or crude protein concentrations, respectively, of the difference between the NC (diet 1) and PC (diet 8) diets. 5 The negative control (NC) diets were formulated to contain approximately 2.4 and 0.29% points lower crude protein and total
18.4% CP). Broilers provided diet 5 (1.53% total Gly + Ser and 19.1% CP) unexpectedly had a 4.2 point lower (P = 0.024) FCR than those fed diet 7 (1.70% total Gly + Ser and 19.1% CP). Feed conversion ratio of broilers consuming the PC diet (1.79% total Gly + Ser and 19.8% CP) was 4 points higher (P = 0.033) than the NC-fed birds (1.53% total Gly + Ser and 17.7% CP), which may be due to NC-fed birds (1.53% total Gly + Ser and 17.7% CP) gaining 59 g more (P = 0.025) BW than PC-fed birds (1.79% total Gly + Ser and 19.8% CP). The lower FCR of broilers consuming diet 5 (1.53% total Gly + Ser and 19.1% CP) when compared with diet 7 (1.70% total Gly + Ser and 19.1% CP) may be attributed to specific Gln effects rather than nitrogen contribution, considering that the inclusion of L-Gln in diet 5 (1.53% total Gly + Ser and 19.1% CP) was 15% higher than that in diet 7 (1.70% total Gly + Ser and 19.1% CP). Glutamine has been reported to be a preferential energy source for enterocyte in rats [28] . Research in pigs demonstrated that applying 5 mM L-Gln to jejunal enterocyte cells from zero to 7 d of age produced 2-fold higher ATP compared with 2 mM glucose, which indicated that Gln is a preferential energy source for the small intestine of pigs [29] . Thus, the improvement in FCR of broilers fed diet 5 (1.53% total Gly + Ser and 19.1% CP) may be due to an increase of energy supply from Gln in the intestinal enterocyte for nutrient utilization.
Cumulative Performance. Broilers receiving Gly and L-Gln supplementation in diets 6 and 7 had similar (P > 0.05) FCR compared with PC-fed birds (Table 9 ). Feeding broilers diet 2 did not alter (P = 0.26) FCR compared with those provided diet 6. In contrast, FCR of broilers receiving diet 4 was higher (P = 0.017) than the birds consuming diet 6, demonstrating that increasing total Gly + Ser concentration by 33% of the difference between the PC and NC diets did not negatively impact FCR of broilers even when dietary CP content was reduced by 2.4% points. When broilers were provided diet 3 or 5, FCR was similar (P > 0.05) to birds fed diet 7. A 3-point higher (P = 0.045) FCR was observed when broilers fed the NC diets 3 Mortality values were arcsine transformed. 4 Experimental diets 2 to 7 were formulated with Gly and/or L-Gln supplementation to contain 33 or 66% total Gly + Ser concentrations and/or CP contents of the difference between NC (diet 1) and PC (diet 8) diets. 5 The negative control (NC) diets were formulated to contain approximately 2.4 and 0.29% points lower crude protein and total
were compared with those provided the PC diets. This response may be associated with compensatory FI when broilers received reduced CP diets. Non-essential AA concentrations in the NC diets, such as Glu, Ala, Asp, and Pro, were 14, 10, 16, and 10% lower, respectively, than the PC diets. In order to compensate for these reductions, broilers numerically consumed 88 g more feed than the PC-fed birds. Published research also has demonstrated that decreasing AA density/CP in broiler diets increased feed consumption of broilers compared with those receiving higher AA density/CP diets [30, 31] . Hence, a reduction in dietary CP content may be compensated by adjusting FI [30] . Dietary treatments did not influence BW gain, feed intake, or incidence of mortality of broilers from 1 to 40 d of age.
Carcass Characteristics
Broilers provided diet 7 had a higher (P = 0.040) total breast meat weight than the PC-fed birds (Table 10) . A lower (P = 0.040) carcass yield was observed when broilers were fed diet 4 compared with those fed diet 6. Carcass yield and total breast weight and yield of broilers consuming diet 3 were lower (P < 0.05), while abdominal fat weight and yield were higher (P = 0.001) than birds fed diet 7. Total breast meat weight and yield were 23 g and 2.1% lower (P < 0.05), respectively, of birds receiving diet 5 compared with diet 7. Abdominal fat weight and percentage increased (P < 0.05) when broilers were provided diet 4 compared with diet 6. Broilers fed diets 1, 6, and 7 had higher (P < 0.01) abdominal fat weight and percentage than those consuming the PC diets, suggesting that providing intermediate concentration of total Gly + Ser and nitrogen between the NC and PC diets could not alleviate the increase in abdominal fat weight and percentage of broilers when dietary CP content was reduced approximately by 2.4% points. Hence, further investigation to decrease abdominal fat when broilers were fed reduced CP diets is warranted. Experimental diets 2 to 7 were formulated with Gly and/or L-Gln supplementation to contain 33 or 66% total Gly + Ser and/or crude protein concentrations, respectively, of the difference between the NC (diet 1) and PC (diet 8) diets. 3 The negative control (NC) diets were formulated to contain approximately 2.4 and 0.29% points lower crude protein and total Gly + Ser concentrations, respectively, than the positive control (PC) diets. 4 Pooled standard error.
Higher total breast meat weight and yield of broilers consuming diet 7 than those fed diets 3 and 5 indicated the importance of both Gly and Gln in breast muscle development. Glycine has been reported to be a precursor for creatine synthesis [32] , which is the main source of energy in the muscle. Published research demonstrated that increasing total Gly + Ser concentration from 1.84 to 2.26% increased pectoral muscle creatine from 2.1 to 3.4 mg/g, while accompanied by increasing breast meat weight from 10.7 to 12.1 g/kg of BW [33] . In addition, a previous study indicated that glutaminase activity in pectoralis major and minor muscles did not decrease even after a 48-hour fasting in 3 to 5 wk of age broilers (glutaminase is an enzyme required for Gln utilization) [34] . This finding may suggest that Gln is utilized as a fuel for protein synthesis in the breast muscle of broilers.
CONCLUSIONS AND APPLICATIONS
1. Glycine had more pronounced effects on maintaining optimal BW gain and FCR of broilers than nitrogen contribution when diets were formulated to contain 2.14 and 1.78% total Gly + Ser from 1 to 14 and 15 to 28 d of age, respectively. 2. The effect of increasing total Gly + Ser concentration by 33% of the difference between PC and NC diets was more apparent on the cumulative FCR of broilers than nitrogen contribution when dietary CP was decreased by 2.4% points. 3. Total breast meat weight and yield did not differ when broilers were provided adequate total Gly + Ser and nitrogen concentrations, despite a reduction in dietary CP content of 2.4% points throughout a 41day production period compared with birds fed the PC diets.
